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Abstract. Examples are given of some current questions in b physics to which LHC
experiments may provide answers. These include (i) the precise determination of param-
eters of the Cabibbo-Kobayashi-Maskawa (CKM) matrix; (ii) measurements of CKM
phases using B decays to CP eigenstates; (iii) the search for direct CP asymmetries in
B decays; (iv) rare radiative B decays; (v) the study of Bs properties and decays, (vi)
excited states of B and Bs mesons, and (vii) the search for heavier quarks which could
mix with the b quark.
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1 Introduction
The Large Hadron Collider (LHC) will permit the exploration of physics at un-
precedented energy scales toward the end of this decade, but it will also produce
b quarks more copiously than any other accelerator. If the hadrons containing
these quarks can be identified, many questions we now face can be addressed,
while undoubtedly others will arise. In this talk I would like to give some ex-
amples of current questions in b physics to which we would like answers. Others
may well be more timely in the LHC era.
In Section 2 we review information on weak quark transitions as encoded in
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. We then discuss CP asymme-
tries in B decays to CP eigenstates (Section 3) and to self-tagging modes (“direct
asymmetries,” Section 4). Rare radiative B decays, mentioned briefly in Section
5, provide useful information on possible new physics. Hadron colliders such as
the LHC are the tool of choice for the study of strange B (Bs) properties and
decays (Section 6). Excited states of B and Bs mesons, for which there have been
interesting parallel developments in the charm sector, are discussed in Section 7.
The search for heavier quarks which which could mix with the b quark is noted
in Section 8, while Section 9 concludes.
2 Weak quark transitions
The relative strengths of charge-changing weak quark transitions are illustrated
in Fig. 1. This pattern is one of the central mysteries of particle physics, along
with the values of the quark masses. We shall not address its deeper origin
here, but will seek better knowledge of strengths and phases of the transitions,
to see whether all weak phenomena including CP violation can be described
satisfactorily via this pattern.
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Fig. 1. Pattern of charge-changing weak transitions among quarks. Solid lines:
relative strength 1; dashed lines: relative strength 0.22; dot-dashed lines: relative
strength 0.04; dotted lines: relative strength ≤ 0.01. Breadths of horizontal lines
denote estimated errors for masses.
2.1 The CKM matrix
The interactions in Fig. 1 may be parametrized by a unitary 3 × 3 matrix, the
Cabibbo-Kobayashi-Maskawa (CKM) matrix. A convenient form [1, 2], unitary
to sufficiently high order in a small quantity λ, is
VCKM =

 1−
λ2
2 λ Aλ
3(ρ− iη)
−λ 1− λ
2
2 Aλ
2
Aλ3(1− ρ¯− iη¯) −Aλ2 1

 , (1)
where ρ¯ ≡ ρ(1− λ
2
2 ) and η¯ ≡ η(1−
λ2
2 ). The columns refer to d, s, b and the rows
to u, c, t. The parameter λ = 0.224 [2] is sin θc, where θc is the Cabibbo angle.
The value |Vcb| ≃ 0.041, obtained from b → c decays, indicates A ≃ 0.82, while
|Vub/Vcb| ≃ 0.09, obtained from b → u decays, implies (ρ
2 + η2)1/2 ≃ 0.4. We
shall generally use the CKM parameters quoted in Ref. [3].
2.2 The unitarity triangle
The unitarity of the CKM matrix implies that the scalar product of any column
with the complex conjugate of any other column is zero; for example, V ∗ubVud +
V ∗cbVcd + V
∗
tbVtd = 0. If one divides by −V
∗
cbVcd, this relation becomes equivalent
to a triangle in the complex ρ¯+ iη¯ plane, with vertices at (0,0) (angle φ3 = γ),
(1,0) (angle φ1 = β), and (ρ¯, η¯) (angle φ2 = α). The triangle has unit base
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Fig. 2. The unitarity triangle.
and its other two sides are ρ¯ + iη¯ = −(V ∗ubVud/V
∗
cbVcd) (opposite φ1 = β) and
1− ρ¯− iη¯ = −(V ∗tbVtd/V
∗
cbVcd) (opposite φ3 = γ). The result is shown in Fig. 2.
In addition to the direct measurements of CKM parameters mentioned above,
flavor-changing loop diagrams provide a number of indirect constraints. CP-
violating K0–K
0
mixing is dominated by the second-order-weak virtual transi-
tion s¯d→ d¯s with virtual tt¯ andW+W− intermediate states, and thus constrains
Im(V 2td) ∼ η¯(1− ρ¯), leading to a hyperbola in the (ρ¯, η¯) plane. B
0–B
0
mixing is
similarly dominated by tt¯ andW+W− in the loop diagram for b¯d→ d¯b, and thus
constrains |Vtd| and hence |1− ρ¯− iη¯|. By comparing Bs–Bs and B
0–B
0
mixing,
one can reduce dependence on unknown matrix elements and learn a lower limit
on |Vts/Vtd| or an upper limit on |1− ρ¯− iη¯|. The range of parameters allowed
at 95% c.l. [3] is 0.08 ≤ ρ¯ ≤ 0.34, 0.25 ≤ η¯ ≤ 0.43 (but see, e.g., [4] for more a
more optimistic view of our present knowledge).
3 B decays to CP eigenstates
One can learn CKM phases from decays of neutral B mesons to CP eigenstates
f , where CP |f〉 = ξf |f〉, ξf = ±1. As a result of B
0–B
0
mixing, a state which is
B0 at proper time t = 0 will evolve into one, denoted B0(t), which is a mixture
of B0 and B
0
. Thus there will be one pathway to the final state f from B0
through the amplitude A and another from B
0
through the amplitude A¯, which
acquires an additional phase 2φ1 = 2β through the mixing. The interference of
these two amplitudes can differ in the decays B0(t)→ f and B
0
(t)→ f , leading
to a time-integrated rate asymmetry
ACP ≡
Γ (B
0
→ f)− Γ (B0 → f)
Γ (B
0
→ f) + Γ (B0 → f)
(2)
as well as to time-dependent rates
{
Γ [B0(t)→ f ]
Γ [B
0
(t)→ f ]
}
∼ e−Γt[1∓Af cos∆mt∓ Sf sin∆mt] , (3)
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where
Af ≡
|λ|2 − 1
|λ|2 + 1
, Sf ≡
2Imλ
|λ|2 + 1
, λ ≡ e−2iβ
A¯
A
, (4)
where S2f +A
2
f ≤ 1. More details may be found in Refs. [5, 6]. I now note some
specific cases.
3.1 B0 → J/ψKS and φ1 = β
For this decay one has A¯/A ≃ ξJ/ψKS = −1. One finds that the time-integrated
asymmetry ACP is proportional to sin(2φ1) = sin(2β). Using this and related
decays involving the same b¯→ s¯cc¯ subprocess, BaBar [7] finds sin(2β) = 0.741±
0.067 ± 0.033 while Belle [8] finds 0.719 ± 0.074 ± 0.035. The two values agree
with each other; the world average [9] is sin(2β) = 0.734±0.054, consistent with
other determinations [3, 4, 10].
3.2 B0 → pi+pi− and φ2 = α
Here two amplitudes contribute to the decay: a “tree” T and a “penguin” P .
The decay amplitudes are
A = −(|T |eiγ + |P |eiδ) , A¯ = −(|T |e−iγ + |P |eiδ) , (5)
where δ is the relative P/T strong phase. The asymmetry ACP would be pro-
portional to sin(2α) if the penguin amplitude could be neglected. However, one
must account for its contribution.
An isospin analysis [11] of B decays to π+π−, π±π0, and π0π0 separates
the contributions of decays involving I = 0 and I = 2 final states. Information
can then be obtained on both strong and weak phases. Since the branching
ratio of B0 to π0π0 may be very small, of order 10−6, I shall discuss instead
methods [12, 13] in which flavor SU(3) symmetry is used to estimate the penguin
contribution [14, 15, 16].
The tree amplitude for B0(= b¯d) → π+π− involves b¯ → π+u¯, with the
spectator d quark combining with u¯ to form a π−. Its magnitude is |T |; its
weak phase is Arg(V ∗ub) = γ; by convention its strong phase is 0. The penguin
amplitude involves the flavor structure b¯→ d¯, with the final d¯d pair fragmenting
into π+π−. Its magnitude is |P |. The dominant t contribution in the loop diagram
for b¯ → d¯ can be integrated out and the unitarity relation VtdV
∗
tb = −VcdV
∗
cb −
VudV
∗
ub used. The VudV
∗
ub contribution can be absorbed into a redefinition of the
tree amplitude, after which the weak phase of the penguin amplitude is 0 (mod
π). By definition, its strong phase is δ.
The time-dependent asymmetries Spipi and Apipi specify both γ (or α = π −
β − γ) and δ, if one has an independent estimate of |P/T |. One may obtain
|P | from B+ → K0π+ using flavor SU(3) [14, 15, 17] and |T | from B →→ πlν
using factorization [18]. An alternative method [13, 16] uses the measured ratio
of the B+ → K0π+ and B0 → π+π− branching ratios to constrain |P/T |. I shall
discuss the first method.
http://link.springer.de/link/service/journals/10105/index.html
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Table 1. Values of Spipi and Apipi quoted by BaBar and Belle and their averages.
Here we have applied scale factors S ≡
√
χ2 = (2.31, 1.24) to the errors for Spipi
and Apipi, respectively.
Quantity BaBar [19] Belle [20] Average
Spipi 0.02± 0.34± 0.05 −1.23± 0.41
+0.08
−0.07 −0.49± 0.61
Apipi 0.30± 0.25± 0.04 0.77± 0.27± 0.08 0.51± 0.23
In addition to Spipi and Apipi, a useful quantity is the ratio of the B
0 → π+π−
branching ratio B(π+π−) (averaged over B0 and B
0
) to that due to the tree
amplitude alone:
Rpipi ≡
B(π+π−)
B(π+π−)|tree
= 1 + 2
∣∣∣∣PT
∣∣∣∣ cos δ cos γ +
∣∣∣∣PT
∣∣∣∣
2
. (6)
One also has
RpipiSpipi = sin 2α+ 2
∣∣∣∣PT
∣∣∣∣ cos δ sin(β − α)−
∣∣∣∣PT
∣∣∣∣
2
sin 2β , (7)
RpipiApipi = −2|P/T | sin δ sin γ . (8)
The value of β is specified to within a few degrees; we shall take it to have its
central value of 23.6◦. The value of |P/T | (updating [12, 13]) is 0.28 ± 0.06.
Taking the central value, one can plot trajectories in the (Spipi,Apipi) plane as δ
is allowed to vary from −π to π.
The experimental situation regarding the time-dependent asymmetries is not
yet settled. As shown in Table 1, BaBar [19] and Belle [20] obtain very different
values, especially for Spipi. Even if this conflict were to be resolved, however,
there is a possibility of a discrete ambiguity, since curves for different values of α
intersect one another. The discrete ambiguity may be resolved with the help of
Rpipi = 0.62± 0.28, but the error is still too large to be helpful. At present values
of φ2 = α > 90
◦ are favored, but with large uncertainty. It is not yet settled
whether Apipi 6= 0, corresponding to “direct” CP violation.
3.3 B0 → φKS vs. B
0
→ J/ψKS
In B0 → φKS , governed by the b¯ → s¯ penguin amplitude, the standard model
predicts the same CP asymmetries as in those processes (like B0 → J/ψKS)
governed by b¯→ s¯cc¯. In both cases the weak phase is expected to be 0 (mod π),
so the indirect CP asymmetry should be governed by B0–B
0
mixing and thus
should be proportional to sin 2β. There should be no direct CP asymmetries
(i.e., A ≃ 0) in either case. This is true for B → J/ψK; A is consistent with
zero in the neutral mode, while the direct CP asymmetry is consistent with zero
in the charged mode [7]. However, a different result for B0 → φKS could point
to new physics in the b¯→ s¯ penguin amplitude [21].
http://link.springer.de/link/service/journals/10105/index.html
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Table 2. Values of SφKS and AφKS quoted by BaBar and Belle and their aver-
ages. Here we have applied a scale factor of
√
χ2 = 2.29 to the error on AφKS .
Quantity BaBar [22] Belle [23] Average
SφKS −0.18± 0.51± 0.07 −0.73± 0.64± 0.22 −0.38± 0.41
AφKS 0.80± 0.38± 0.12 −0.56± 0.41± 0.16 0.19± 0.68
The experimental asymmetries in B0 → φKS [22, 23] are shown in Table 2.
For AφKS there is a substantial discrepancy between BaBar and Belle. The value
of SφKS , which should equal sin 2β = 0.734 ± 0.054 in the standard model, is
about 2.7σ away from it. If the amplitudes for B0 → φK0 and B+ → φK+ are
equal (true in many approaches), the time-integrated CP asymmetry ACP in the
charged mode should equal AφKS . The BaBar Collaboration [24] has recently
reported ACP = 0.039± 0.086± 0.011.
Many proposals for new physics can account for the departure of SφKS from
its expected value of sin 2β [25]. A method similar to that [12, 13] used in an-
alyzing B0 → ππ for extracting a new physics amplitude has been developed
in collaboration with Cheng-Wei Chiang [26]. One uses the measured values of
SφKS and AφKS and the ratio
RφKS ≡
B(B0 → φKS)
B(B0 → φKS)|std
= 1 + 2r cosφ cos δ + r2 , (9)
where r is the ratio of the magnitude of the new amplitude to the one in the
standard model, and φ and δ are their relative weak and strong phases. For any
values of RφKS , φ, and δ, Eq. (9) can be solved for the amplitude ratio r and
one then calculates
RφKSSφKS = sin 2β + 2r cos δ sin(2β − φ) + r
2 sin 2(β − φ) (10)
RφKSAφKS = 2r sinφ sin δ . (11)
The φKS branching ratio in the standard model is calculated using the pen-
guin amplitude from B+ → K∗0π+ and an estimate of electroweak penguin
corrections. It was found [26] that RφKS = 1.0± 0.2.
Various regions of (φ, δ) can reproduce the observed values of SφKS and
AφKS . As errors on the observables shrink, so will the allowed regions. However,
there will always be a solution for some φ and δ as long as R remains compatible
with 1. (The allowed regions of φ and δ are restricted if R 6= 1 [26].) Typical
values of r are of order 1; one generally needs to invoke new-physics amplitudes
comparable to those in the standard model.
The above scenario envisions new physics entirely in B0 → φK0 and not
in B+ → K∗0π+. An alternative is that new physics contributes to the b¯ → s¯
penguin amplitude and thus appears in both decays. Here it is convenient to
define a ratio
R′ ≡
Γ (B0 → φK0)
Γ (B+ → K∗0π+)
, (12)
http://link.springer.de/link/service/journals/10105/index.html
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where Γ denotes a partial width averaged over a process and its CP conjugate.
Present data indicate R′ = 0.78 ± 0.17. The B0 → φK0 amplitude contains a
contribution from both the gluonic and electroweak penguin terms, while B+ →
K∗0π+ contains only the former. Any departure from the expected ratio of the
electroweak to gluonic penguin amplitudes would signify new physics. Again,
the central value of S would suggest this to be the case [26], but one must wait
until the discrepancy with the standard model becomes more significant. At
present both the decays B0 → KS(K
+K−)CP=+ and B
0 → η′KS display CP
asymmetries consistent with standard expectations.
3.4 B0 → KS(K
+K−)CP=+
The Belle Collaboration [23] finds that for K+K− not in the φ peak, most of the
decay B0 → KSK
+K− involves even CP for the K+K− system (ξK+K− = +1).
It is found that
− ξK+K−SK+K− = 0.49± 0.43± 0.11
+0.33
−0.00 , (13)
AK+K− = −0.40± 0.33± 0.10
+0.00
−0.26 , (14)
where the third set of errors arise from uncertainty in the fraction of the CP-odd
component. Independent estimates of this fraction have been performed in Refs.
[27] and [28]. The quantity −ξK+K−SK+K− should equal sin 2β in the standard
model, but additional non-penguin contributions can lead this quantity to range
between 0.2 and 1.0 [28].
3.5 B → η′K (charged and neutral modes)
At present neither the rate nor the CP asymmetry in B → η′K present a signifi-
cant challenge to the standard model. The rate can be reproduced with the help
of a modest contribution from a “flavor-singlet penguin” amplitude, the need
for which was pointed out [29] prior to the observation of this decay. One only
needs to boost the standard penguin amplitude’s contribution by about 50%
via the flavor-singlet term in order to explain the observed rate [30, 31, 32, 33].
(An alternative treatment [34] finds an enhanced standard-penguin contribution
to B → η′K.) The CP asymmetry is not a problem; the ordinary and singlet
penguin amplitudes are expected to have the same weak phase Arg(V ∗tsVtb) ≃ π
and hence one expects Sη′KS ≃ sin 2β, Aη′KS ≃ 0. The experimental situation
is shown in Table 3. The value of Sη′KS is consistent with the standard model
expectation at the 1σ level, while Aη′KS is consistent with zero.
The singlet penguin amplitude may contribute elsewhere in B decays. It is a
possible source of a low-effective-mass p¯p enhancement [35] in B+ → p¯pK+ [36].
4 Direct CP asymmetries
Decays such as B → Kπ (with the exception of B0 → K0π0) are self-tagging,
i.e., their final states indicate the flavor of the decaying state. For example, the
K+π− final state is expected to originate purely from a B0 and not from a B
0
.
http://link.springer.de/link/service/journals/10105/index.html
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Table 3. Values of Sη′KS and Aη′KS quoted by BaBar and Belle and their
averages. Here we have applied scale factors S ≡
√
χ2 = (1.48, 1.15) to the
errors for Sη′KS and Aη′KS , respectively.
Quantity BaBar [22] Belle [23] Average
Sη′KS 0.02± 0.34± 0.03 0.76± 0.36
+0.05
−0.06 0.37± 0.37
Aη′KS −0.10± 0.22± 0.03 0.26± 0.22± 0.03 0.08± 0.18
Since such self-tagging decays do not involve a CP eigenstate, they involve both
weak and strong phases. Several methods permit one to separate these from one
another. We give some examples.
4.1 B0 → K+pi− vs. B+ → K0pi+
The decay B+ → K0π+ is a pure penguin (P ) process, while the amplitude for
B0 → K+π− is proportional to P +T , where T is a (strangeness-changing) tree
amplitude. The ratio T/P has magnitude r, weak phase γ±π, and strong phase
δ. The ratio R0 of these two rates (averaged over a process and its CP conjugate)
is
R0 ≡
Γ (B0 → K+π−)
Γ (B+ → K0π+)
= 1− 2r cos γ cos δ + r2 ≥ sin2 γ , (15)
where the inequality holds for any r and δ. For R0 < 1 this inequality can be
used to impose a useful constraint on γ [37]. On the basis of branching ratios
[38, 39, 40] summarized in Ref. [41] and using the B+/B0 lifetime ratio from Ref.
[42], one finds R0 = 0.99± 0.09, which is consistent with 1 and does not permit
application of the bound. However, using additional information on r and the
CP asymmetry in B0 → K+π−, one can obtain a constraint on γ [12, 43].
The CP asymmetry ACP (2) can be written for B
0 → K+π− as
ACP (K
+π−) ≡
Γ (B
0
→ K−π+)− Γ (B0 → K+π−)
2Γ (B0 → K+π−)
= −
2r sin γ sin δ
R0
. (16)
One may eliminate δ between this equation and Eq. (15) and plot R0 as a
function of γ for the allowed range of ACP (K
+π−). The value of r, based on
present branching and arguments given in Refs. [12, 41, 43]), is r = 0.17± 0.04.
The latest BaBar and Belle data imply ACP (K
+π−) = −0.09±0.04 [33], leading
us to take |ACP (K
+π−)| ≤ 0.13 at the 1σ level. Curves for ACP = 0 and
|ACP | = 0.13 (the K
+π− final state is to be understood) are shown in Fig. 3.
The lower limit r = 0.13 is used to generate these curves since the limit on γ
will be the most conservative.
At the 1σ level, using the constraints that R0 must lie between 0.90 and
1.08 and |ACP | must lie between zero and 0.13, one can establish that γ
>
∼ 60◦.
No bound can be obtained at the 95% confidence level, however. Despite the
impressive improvement in experimental precision (a factor of 2 decrease in errors
http://link.springer.de/link/service/journals/10105/index.html
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Fig. 3. Behavior of R0 for r = 0.13 and ACP (K
+π−) = 0 (dashed curves) or
|ACP (K
+π−)| = 0.13 (solid curve) as a function of the weak phase γ. Horizontal
dashed lines denote±1σ experimental limits onR0, while dot-dashed lines denote
95% c.l. (±1.96σ) limits. The upper branches of the curves correspond to the
case cos γ cos δ < 0, while the lower branches correspond to cos γ cos δ > 0.
since the analysis of Ref. [12]), further data are needed in order for a useful
constraint to be obtained.
4.2 B+ → K+pi0 vs. B+ → K0pi+
The comparison of rates for B+ → K+π0 and B+ → K0π+ also can give
information on γ. The amplitude for B+ → K+π0 is proportional to P + T +
C, where C is a color-suppressed amplitude. Originally it was suggested that
this amplitude be compared with P from B+ → K0π+ and T + C taken from
B+ → π+π0 using flavor SU(3) [44] using a triangle construction to determine
γ. However, electroweak penguin amplitudes contribute significantly in the T +
C term [45]. It was noted subsequently [46] that since the T + C amplitude
corresponds to isospin I(Kπ) = 3/2 for the final state, the strong-interaction
phase of its EWP contribution is the same as that of the rest of the T + C
amplitude, permitting the calculation of the EWP correction.
New data on branching ratios and CP asymmetries permit an update of
http://link.springer.de/link/service/journals/10105/index.html
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Fig. 4. Behavior of Rc for rc = 0.22 (1σ upper limit) and ACP (K
+π0) = 0
(dashed curves) or |ACP (K
+π0)| = 0.11 (solid curve) as a function of the
weak phase γ. Horizontal dashed lines denote ±1σ experimental limits on Rc,
while dotdashed lines denote 95% c.l. (±1.96σ) limits. Upper branches of curves
correspond to cos δc(cos γ − δEW ) < 0, while lower branches correspond to
cos δc(cos γ − δEW ) > 0. Here we have taken δEW = 0.80 (its 1σ upper limit),
which leads to the most conservative bound on γ.
previous analyses [12, 46]. One makes use of the quantities (see [33] for values)
Rc ≡
2Γ (B+ → K+π0)
Γ (B+ → K0π+)
= 1− 2rc cos δc (cos γ − δEW)
+ r2c (1− 2δEW cos γ + δ
2
EW ) = 1.30± 0.15 , (17)
ACP (K
+π0) = −
2rc sin δc sin γ
Rc
= 0.035± 0.071 , (18)
where rc ≡ |(T + C)/P | = 0.20± 0.02, and δc is a strong phase, eliminated by
combining (17) and (18). One must also use an estimate [46] of the electroweak
penguin parameter δEW = 0.65± 0.15. One obtains the most conservative (i.e.,
weakest) bound on γ for the maximum values of rc and δEW [12]. The resulting
plot is shown in Fig. 4. One obtains a bound at the 1σ level very similar to that
in the previous case: γ
>
∼ 58◦. The bound is actually set by the curve for zero
CP asymmetry, as emphasized in Ref. [46].
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Table 4. Branching ratios and CP asymmetries for B→π+η.
B (10−6) ACP
CLEO [49] 1.2+2.8
−1.2 (< 5.7) –
BaBar [50] 4.2+1.0
−0.9 ± 0.3 −0.51
+0.20
−0.18
Belle [39] 5.2+2.0
−1.7 ± 0.6 –
Average 4.1± 0.9 −0.51+0.20
−0.18
|T + C|2 alone 3.5 0
|P + S|2 alone 1.9 0
4.3 B+ → pi+η
The possibility that several different amplitudes could contribute to B+ → π+η,
thereby leading to the possibility of a large direct CP asymmetry, has been
recognized for some time [17, 29, 30, 47, 48]. Contributions can arise from a
tree amplitude (color-favored plus color-suppressed) T +C, whose magnitude is
estimated to be
√
2/3 that occurring in B+ → π+π0, a penguin amplitude P ,
obtained via flavor SU(3) from B+ → K0π+, and a singlet penguin amplitude
S, obtained from B → η′K.
In Table 4 we summarize branching ratios and CP asymmetries obtained for
the decay B+ → π+η by CLEO [49], BaBar [50], and Belle [39]. We assume that
the S and P amplitudes have the same weak and strong phases. The equality of
their weak phases is quite likely, while tests exist for the latter assumption [33].
If the amplitude A for a process receives two contributions with differing
strong and weak phases, one can write
A = a1 + a2e
iφeiδ , A¯ = a1 + a2e
−iφeiδ . (19)
The CP-averaged decay rate is proportional to a21 + a
2
2 + 2a1a2 cosφ cos δ, while
the CP asymmetry is
ACP = −
2a1a2 sinφ sin δ
a21 + a
2
2 + 2a1a2 cosφ cos δ
. (20)
In the case of B+ → π+η the rates and CP asymmetry suggest that | sinφ sin δ| >
| cosφ cos δ|. Details of this pattern and its implications for other processes are
described in Ref. [33]. It is predicted there that B(B+ → π+η′) = (2.7± 0.7)×
10−6 (below current upper bounds) and that ACP (π
+η′) = −0.57± 0.23.
5 Rare radiative B decays
A number of processes in which a B or Bs decays to final states with photons
or lepton pairs are particularly sensitive to non-standard physics. An exam-
ple is Bs → µ
+µ−, for which the standard model predicts B(Bs → µ
+µ−) =
(3.1±1.4)×10−9 [51]. Charged Higgs boson exchanges or other effects could en-
hance this branching ratio significantly while respecting the constraint associated
http://link.springer.de/link/service/journals/10105/index.html
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with the branching ratio for b → sγ, which appears compatible with standard
model predictions. For a good discussion of this process and of B → Xsℓ
+ℓ−
see Ref. [52], as well as several presentations at the present conference [53]. In
the latter decay the forward-backward asymmetries exhibit interesting behavior
as a function of m(ℓ+ℓ−), with signs and a characteristic zero in the standard
model which can be different in variant theories.
6 Bs properties and decays
6.1 Bs–Bs mixing
The ratio of the Bs–Bs mixing amplitude ∆ms to the B
0–B
0
mixing amplitude
∆md (Bd ≡ B
0) is given by
∆ms
∆md
=
f2BsBBs
f2BdBBd
mBs
mBd
∣∣∣∣VtsVtd
∣∣∣∣
2
≃ 48× 2±1 . (21)
Here fBd,s are meson decay constants, while BBd,s are numbers of order 1 ex-
pressing the degree to which the mixing amplitude can be calculated by satu-
rating with vacuum intermediate states. The latest lattice estimate of the ratio
ξ ≡ (fBs/fBd)
√
BBs/BBd is 1.21 ± 0.04± 0.05 [54]. We have taken a generous
range
|Vtd| = Aλ
3|1− ρ¯− iη¯| = (0.8± 0.2)Aλ3 (22)
with |Vts| = Aλ
2 and λ = 0.22. With [42] ∆md = 0.503± 0.007 ps
−1 one then
predicts
∆ms = 24 ps
−1 × 2±1 . (23)
The lower portion of this range is already excluded by the bound [42]
∆ms > 14.4 ps
−1 (95% c.l.) . (24)
When ∆ms is measured it is likely to be known fairly well immediately, and will
constrain ρ¯ significantly.
6.2 Decays to CP eigenstates
6.2.1 Bs → J/ψφ, J/ψη, . . .. Since the weak phase in b¯→ c¯cs¯ is expected
to be zero while that of Bs–Bs mixing is expected to be very small [in the
parametrization of Eq. (1) an imaginary part Im(Vts) = −Aλ
4η was not written
explicitly], one expects CP asymmetries to be only a few percent in the standard
model for those Bs decays dominated by this quark subprocess. The Bs → J/ψφ
final state is not a CP eigenstate but the even and odd CP components can
be separated using an angular analysis. The final states of Bs → J/ψη and
Bs → J/ψη
′ are CP-even so no such analysis is needed.
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6.2.2 Bs → K
+K− vs. B0 → pi+pi−. A comparison of time-dependent
asymmetries in Bs → K
+K− and B0 → π+π− [55] allows one to separate
out strong and weak phases and relative tree and penguin contributions. In
Bs → K
+K− the b¯→ s¯ penguin amplitude is dominant, while the strangeness-
changing tree amplitude b¯ → u¯us¯ is subsidiary. In B0 → π+π− it is the other
way around: The b¯→ u¯ud¯ tree amplitude dominates, while the b¯→ d¯ penguin is
Cabibbo-suppressed. The U-spin subgroup of SU(3), which interchanges s and
d quarks, relates each amplitude in one process to that in the other aside from
the CKM factors.
6.2.3 Bs, B
0
→ K+pi−. A potential problem with Bs → K
+K− and B0 →
π+π− is that the mass peaks will overlap with one another if analyzed in terms
of the same final state (e.g., π+π−) [56]. Thus, in the absence of good particle
identification, a variant on this scheme employing the decays B0 → K+π− and
Bs → K
−π+ (also related to one another by U-spin) may be useful [57]. For these
final states, kinematic separation may be easier. A further variant is to study
the time-dependence of Bs → K
+K− while normalizing the penguin amplitude
using Bs → K
0K
0
[58].
6.3 Other SU(3) relations
The U-spin subgroup of SU(3) allows one to relate many other Bs decays besides
those mentioned above to corresponding Bd decays [59]. Particularly useful are
relations between CP-violating rate differences. One thus will have the opportu-
nity to perform many tests of flavor SU(3) and to learn a great deal more about
final-state phase patterns when a variety of Bs decays can be studied.
7 Excited states
7.1 Flavor tagging for neutral B mesons
One promising method for tagging the flavor of a neutral B meson is to study the
charge of the leading light hadron accompanying the fragmentation of the heavy
quark. This method was initially proposed by Ali and Barreiro [60] to identify
the flavor of a Bs via the charge of the accompanying kaon. It was utilized in
Refs. [61, 62] to distinguish B0’s from B
0
’s. An initial b will fragment into a B
0
by “dressing” itself with a d¯. The accompanying d, if incorporated into a charged
pion, will end up in a π−. Thus a π− is more likely to be “near” a B
0
than to a
B0 in phase space. This correlation between π− and B
0
(and the corresponding
correlation between π+ and B0) is also what one would expect on the basis of
non-exotic resonance formation. Thus the study of the resonance spectrum of
the excited B mesons which can decay to B + π or B∗ + π is of special interest
[63]. The lowest such mesons are the P-wave levels of a b¯ antiquark and a light
(u or d) quark.
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7.2 Surprise: Excited Ds state below DK threshold
A new sensation has been reported by the BaBar Collaboration [64] and con-
firmed by CLEO [65]. Partial information on the P-wave levels of a charmed
quark c and an antistrange s¯ consists of candidates for J = 1 and J = 2 states
at 2535 and 2572 MeV [66]. These levels have narrow widths and are behaving as
would be expected if the spin of the s¯ and the orbital angular momentum were
coupled up to j = 3/2. (One expects j-j rather than L-S coupling in a light-
heavy system [67, 68, 69].) If the j = 1/2 states were fairly close to these in mass
one would then expect another J = 1 state and a J = 0 state somewhere above
2500 MeV. Instead, a candidate for a J = 0 cs¯ state has been found around 2317
MeV, with the second J = 1 level around 2463 MeV. Both are narrow, since
they are too light to decay respectively to DK or D∗K. They decay instead
via the isospin-violating transitions Ds0(2317)→ Dsπ
0 and Ds1(2463)→ D
∗
sπ
0.
They are either candidates for D(∗)K molecules [70], or indications of a broken
chiral symmetry which places them as positive-parity partners of the Ds and D
∗
s
negative-parity cs¯ ground states [71]. Indeed, the mass splittings between the
parity partners appear to be exactly as predicted ten years ago [72]. Potential-
based quarkonium models have a hard time accommodating such low masses
[73, 74, 75],
There should exist non-strange j = 1/2 0+ and 1+ states, lower in mass
than the j = 3/2 states at 2422 and 2459 MeV [66] but quite broad since their
respective Bπ and B
∗
π channels will be open. The study of such states will be
of great interest since the properties of the corresponding B-flavored states will
be useful in tagging the flavor of neutral B mesons, as noted in the previous
subsection.
7.3 Narrow positive-parity states below B
(∗)
K threshold?
If a strange antiquark can bind to a charmed quark in both negative- and
positive-parity states, the same must be true for a strange antiquark and a b
quark. One should then expect to see narrow JP = 0+ and 1+ states with the
quantum numbers of BK and B
∗
K but below those respective thresholds. They
should decay to Bsπ
0 and B
∗
sπ
0, respectively. To see such decays one will need
a multi-purpose detector with good charged particle and π0 identification! Such
detectors are envisioned for both the Tevatron [76] and the LHC [77].
8 Exotic Q = −1/3 quarks
Might there be heavier quarks visible at hadron colliders? At present we have
evidence for three families of quarks and leptons belonging to 16-dimensional
multiplets of the grand unified group SO(10) (counting right-handed neutrinos
as a reasonable explanation of the observed oscillations between different flavors
of neutrinos). Now, just as SO(10) was pieced together from multiplets of SU(5)
with dimensions 1, 5, and 10, we can imagine a still larger grand unified group
whose smallest representation contains the 16-dimensional SO(10) spinor. Such a
group is the exceptional group E6 [78]. Its smallest representation, of dimension
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27, contains a 16-dimensional spinor, a 10-dimensional vector, and a singlet of
SO(10). The 10-dimensional vector contains vector-like isosinglet quarks “h” and
antiquarks h¯ of charge Q = ±1/3 and isodoublet leptons. The SO(10) singlets
are candidates for sterile neutrinos, one for each family.
The new exotic h quarks can mix with the b quark and push its mass down
with respect to the top quark [79]. Troy Andre and I are currently looking at
signatures of hh¯ production in hadron colliders, with an eye to either setting
lower mass limits or seeing such quarks through their decays to Z + b, W + t,
and possibly Higgs + b. The Z, for example, would be identified by its decays
to νν¯, ℓ+ℓ−, or jet + jet, while the Higgs boson would show up through its bb¯
decay if it were far enough below W+W− threshold.
9 Summary
The processB0 → J/ψKS has provided spectacular confirmation of the Kobayashi-
Maskawa theory of CP violation, measuring β to a few degrees. Now one is
entering the territory of more difficult measurements.
The decay B0 → π+π− has great potential for giving useful information on
α. One needs either a measurement of B(B0 → π0π0) [11], probably at the 10−6
level (present limits [38, 39, 40] are several times that), or a better estimate of the
tree amplitude from B → πlν [18]. Indeed, such an estimate has been presented
recently [80]. The BaBar and Belle experimental CP asymmetries [19, 20] will
eventually converge to one another, as did the initial measurements of sin 2β
using B0 → J/ψKS.
The B → φKS decay can display new physics via special b¯→ s¯ss¯ operators
or effects on the b¯ → s¯ penguin. Some features of any new amplitude can be
extracted from the data in a model-independent way if one uses both rate and
asymmetry information [26]. While the effective value of sin 2β in B0 → φKS
seems to differ from its expected value by more than 2σ, CP asymmetries in
B → KS(K
+K−)CP=+ do not seem anomalous.
The rate for B → η′KS is not a problem for the standard model if one allows
for a modest flavor-singlet penguin contribution in addition to the standard
penguin amplitude. The CP asymmetries for this process are in accord with the
expectations of the standard model at the 1σ level or better. Effects of the singlet
penguin amplitude may also be visible elsewhere, for example in B+ → pp¯K+.
Various ratios of B → Kπ rates, when combined with information on CP
asymmetries, show promise for constraining phases in the CKM matrix. These
tests have shown a steady improvement in accuracy since the asymmetric B
factories have been operating. One expects further progress as instantaneous
and accumulated e+e− luminosities increase, and as hadron colliders begin to
provide important contributions. The decays B+ → π+η and B+ → π+η′ show
promise for displaying large CP asymmetries [33] since they involve contributions
of different amplitudes with comparable magnitudes.
Rare decays of nonstrange and strange B’s involving photons or lepton pairs
are beginning to be studied in detail, and the LHC will be able to look for the
rare and interesting Bs → µ
+µ− decay which can greatly exceed its standard
model value in some theories. In the near term the prospects for learning about
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the Bs–Bs mixing amplitude are good. One hopes that this will be an early
prize of Run II at the Tevatron. The study of CP violation and branching ratios
in Bs decays will be an almost exclusive province of hadron colliders, whose
potentialities will be limited only by the versatility of detectors. Surprises in
spectroscopy, as illustrated by the low-lying positive-parity cs¯ candidiates, still
can occur, and one is sure to find more surprises at the Tevatron and the LHC.
Finally, one can search for objects related to the properties of b quarks, such
as the exotic isosinglet quarks h, with improved sensitivity in Run II of the
Tevatron and with greatly expanded reach at the LHC.
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